Abstract: A simple, heuristic formula with parallels to the Drake Equation is introduced to help focus discussion on open questions for the origins of life in a planetary context. This approach indicates a number of areas where quantitative progress can be made on parameter estimation for determining origins of life probabilities. We also suggest that the probability of origin of life events can be dramatically increased on planets with parallel chemistries that can undergo the development of complexity, and in solar systems where more than one planet is available for chemical evolution, and where efficient impact ejecta exchange occurs, increasing the effective chemical search space and available time.
At present OoL science involves a wide range of approaches, theories, and opinions. A considerable body of work now exists on hypothetical early terrestrial life and its precursor chemistry. Including the RNA-world hypothesis, prior polymerization chemistry, autocatalytic processes and metabolic origins, as well as the presumed transition to fully cellular organisms.
Significant work has also been undertaken on inorganic 'template' chemistry, the planetary evolution of suitable material precursors, and important substrates for the emergence of a biology -including the study of electrochemical gradients in hydrothermal vents systems and processes such as serpentization as energy sources. In addition, the genomic exploration of the modern Earth's microbial life is providing ever-deeper insight to the nature and evolution of the biosphere's nested metabolic processes,(3) which may provide clues to the original energy landscape of pre-biotic chemical cycles. Theoretical and computational work on emergent and dynamical systems, complexity, and 'dry' (not wet lab based) artificial life (A-Life) are also contributing to our picture of the fundamental principles of biological system operations.
However, there is no strong consensus opinion that supports any single OoL hypothesis or timeline -whether for the specific OoL events on the Earth or for any plausible alternatives. It is therefore impossible to construct a first principles quantitative estimate of an abiogenesis probability for the young Earth. Nonetheless, abiogenesis did clearly occur at least once, and we do possess general information about Earth's composition and a number of notional histories for the surface and near-surface environment during the planet's first few hundred million years following the solar system's initial collapse and condensation from the pre-solar nebula. In this short paper a simple formula ( §2) is proposed to encourage further consideration of the issues at play in linking OoL (or abiogenesis) to planetary environments. This approach parallels similar descriptive and pedagogical methods applied in assessing the likelihood of extraterrestrial communications in the Search for Extraterrestrial Intelligence (SETI). A simple application of this formula is made and the results discussed in §3. In §4 a number of modifications and extensions are considered that should help bring focus to the regions of parameter space where tractable progress can be made on building a genuinely quantitative evaluation of OoL likelihoods. (4) In 1961 Frank Drake introduced an equation to illustrate the factors involved in estimating the potential number of communicative civilizations in the Milky Way galaxy. This formula, now generally known as The Drake Equation, has served as a useful tool for focusing discussion on the extent to which we do, or don't, have constraints on its various factors, and for stimulating ideas about how to make scientific progress on the problem of finding life in the universe over a given period of time.(5) There are however serious limitations to actually using the Drake formula to produce meaningful estimates of life's frequency in the universe. A particular issue is that although the formula seeks to describe the entire galaxy's living population it does not explicitly allow for the possibility of life spreading and expanding between planets. Thus, the factors in the equation may not be independent at all.
Here we propose that a focus on the parameters involved in planetary OoL offers a better constrained entry point to this type of estimation, and could produce practical results, especially when combined with the process of seeking potentially 'habitable' exoplanetary systems.
Assuming that life on Earth did originate in-situ -i.e. that the transition, or the key transitions, between a non-living state and a living state occurred within the planetary environment and not from far off-world (e.g. panspermia beyond the planetary system) -it should be possible to construct a high-level quantitative description of the basic features of OoL, irrespective of the details. Such a description will necessarily make a quantitative connection to planetary properties, such as mass, element abundance and energy resources.
The following OoL frequency equation is therefore proposed for !"#$%&'&(#( , the number of abiogenesis or origin events within time , (6) where the definition of such events and the associated factors are discussed in the subsections below: However, life today does not necessarily reflect all the details of early biochemistry, or earlier complex chemistry that was able to self-sustain routes to competing biologies that ultimately led to biology as we know it. This is because the entire process is, arguably, more likely to reflect the consequence of billions of years of evolution of a series of earlier chemical toolkits, all with decreasing complexity and therefore, increasing probability of emergence over a short period of time. In that context it might be advisable to break these components down further and consider the raw elemental (atomic) abundances as the first factor in the OoL equation. An additional advantage in doing so is that it simplifies the connection of ! to bulk planetary properties, thereby linking this expression back to the scope of the Drake Equation and our direct physical knowledge of the Earth and other planets.
In this case ! represents a maximal set of building blocks for life that can be estimated from (see below) the total mass and composition of the outer planetary layers. In the Earth's case it is self-evident that not all of the atoms of Earth's outer layers are incorporated into living states, nor are all available for that at any given time. To account for this the factor ! is described further below. Also, any collection of building blocks must be able to interact with each other and provide routes by which a subset of building blocks can drive the assembly and complexification of a subset of new building blocks -that have improved function, structure, and robustness. Chemical cycles, operating on these building blocks, will provide raw materials as well as facilitate the assembly of more sophisticated building blocks from the minimal set, but these cycles are fundamentally dependent upon the input building block set.
Chemical cycles could also allow the same building blocks, in different sequences, to make polymers and other infrastructure that can allow both control of assembly and maintenance of sequence and expression of function. Also, the kinetic connections between the different cycles and sequences constitutes a minimal kinetic-genetic mechanism by which a more robust and ultimately evolvable genetic machinery may develop, and this might even utilize an network of so-called 'inorganic' reactions to start developing function. (7) : mean number of building blocks per 'organism', or biochemically significant system.
The definition of 'organism' in this context is broad and is related to a quantitative definition of life -the precise details of which remain an open question at this time. For OoL it could be taken to mean a minimal life-form, one that is capable of homeostasis, reproduction, and open-ended evolution. However, we might determine that such a life-form exists either as an encapsulated, cellular system or as a distributed, non-local, but interdependent and autocatalytic chemical system. Similarly, a biochemically significant system could be construed to be a system or environment that is a direct and necessary precursor to a minimal life-form, with an extremely high probability of the transition to that life-form. Properly evaluating ! may therefore require the development of a coherent, quantitative, definition of the 'aliveness' of a collection of building blocks.
: fractional availability of building blocks during time .
Within any given timespan, , it can be assumed that only a certain fraction of the total number of potential building blocks in a planetary environment will actually be available for life.
Availability in this context may be defined through a number of factors: 'free' (unbound to other molecular or atomic species), 'mobile' (capable of physical transport, not restricted except in terms of necessary localization), or 'energetic' (energetically favored chemical bonding and incorporation into a system). These factors can be strongly dependent on planetary details, such as environmental temperature. The use of this factor (i.e. not incorporating it directly into ! ) allows the weighting given to intrinsic planetary properties such as crust/mantle ratios or global elemental abundances to be separated and adjusted independently. As we discuss below ( §4) ! can be significantly expanded to include explicit treatments of planetary habitability and the interplay between living systems and environment -e.g. the sequestration of building blocks by prior life.
: probability of assembly per unit time.
This factor refers to the probability of an abiogenesis 'event' per unit time through the assembly of the necessary building blocks. The necessary definition of an event is of course very poorly understood. Abiogenesis could be highly spatially localized, within a free-floating vesicular structure for example, or in an inorganic substrate's intimate topography. Alternatively, abiogenesis could refer to a non-localized, sequential, series of assembly steps or processes that lead directly and irreversibly to an evolvable system. We purposefully treat ! as a catch-all that circumvents the need to go into the (unknown) mechanical details.
Evaluating
and .
As described in §1 and §2 above, we propose the OoL frequency expression (Equation 1) to help facilitate and focus discussion on OoL science in the same way that the Drake Equation is
applied to the quest for life elsewhere in the universe. It is not meant to be genuinely predictive, nor complete in the form given here. Despite all of these shortcomings, it is instructive to evaluate a range of plausible values for the factors, given the observation that
for the Earth over a likely interval of ~100 Myr from ~4 Gya.
In Table 1 This statement is independent of fine details. It does not, for example, hinge on any analysis of the combinations and permutations of atoms required to form a functional biochemical system or the odds of assembly computed on that basis, all of that complexity is folded implicitly into ! .
In setting !"#$%&'&(#( (100 Myr)=1, we implicitly assume that after time there is a sole, successful abiogenesis event. Perhaps that is incorrect. For example, if ! is actually much larger, there would either be many independent abiogenesis events that are indistinguishable in our current model for the history of life on Earth (leading to the inaccurate conclusion that Retaining the Table 1 values The factor ! in particular can be readily expanded out. For example:
where ! is the fraction of the total planetary environment (containing ! ) within the "habitable zone" (e.g. using the common astronomical definition of temperature and vapor-pressure such that open water remains liquid), ! is the fraction of building blocks in solution or part of a bioaccessible substrate, ! is the fraction of building blocks with access to the necessary energy (chemical, thermal, photonic) to drive assembly to a biologically meaningful assembly, and ! is the fraction of building blocks that may already be incorporated into abiogenesis related assemblies (i.e. not available at time for incorporation in any new abiogenesis events).
In this instance, ! is an explicit function of the planetary climate state, which is in turn determined by properties such as the planetary spin-orbit state, the parent star, and the planetary atmospheric composition. ! is more complex but could be estimated from initial planetary veneer compositions. The factor ! might also be estimated from models of initial planetary properties. In the simplest case, for = 0, the factor ! is assumed to be 0. Allowing ! > 0 introduces explicit non-linearity in the equation since we might naively expect ! = ( ! • ! )/ ! , where ! is the number of existing 'organisms' at time that are sequestering building blocks away from abiogenesis events (assuming they don't actually contribute positively to further abiogenesis). Thus, the full expression for abiogenesis events now becomes: There is good evidence that the architecture and dynamical evolution of the solar system resulted in early periods of significant impact events on both Earth and Mars, and subsequent ejection and exchange of lithospheric material. (8) Although the exchange of viable organisms between these planets is still very much an open question,(9) the exchange of molecular species may be much more likely. Furthermore, the energy-scale of impact events required to launch material onto interplanetary trajectories need not be so destructive as to 'reset' indigenous pre-biotic molecular complexity and populations on a planetary scale.
In this scenario !"#$%&'&(#( becomes coupled across planets in a potentially complicated, but important way. The variation in ! and ! due to impact ejecta exchange may be very small, however changes in ! as defined may be significant. As described above ( §2.4) we see ! as the probability of an 'event' -either a specific chemical assembly or a non-localized sequence or chemical system that leads irreversibly to an evolvable system. Thus, in the same spirit as Equation 1, we suggest that the effect of inter-planetary exchange could be most simply modeled by assuming that all receipts of material (e.g. Earth receiving Mars material) result in an increase in ! . In other words, it is assumed that 'new' molecular species are brought to the planet and that these species positively influence the pathway to abiogenesis.
For example, this could behave as a simple geometric series:
where is the factor by which ! is increased by a single exchange, is the total number of 'receipt' events due to impact ejecta (e.g. the number of impact ejecta creating collisions that occur on Mars), and ! ′ is the revised assembly event probability.
The factor is of course unknown, and likely varies with each exchange. However, in an extreme scenario, each planetary incubator generates an entirely unique set of molecular species in between impact exchange events. Very crudely speaking, in this case it would be easy for ~2 and, trivially, if ~100 then ! ′~10
!"
! . Thus, the original value of ! estimated for an isolated Earth in Table 1 (assuming !"#$%&'&(#( = 1 in 100 Myr) would be modified and would approach unity.
The value of can in principle be constrained in the solar system by data on impact histories and our models of solar system dynamical evolution. For the Earth, evidence suggests that the Late Heavy Bombardment (thought to occur between 3.8 and 4.1 Gya) may have involved more than 20,000 Earth impacts capable of launching ejecta to interplanetary space.(10) Mars appears likely to have experienced a bombardment that was at least as intense. (11) Thus, the likelihood of a large for the Earth is high. That also suggests that could be very modest yet the final ! ′ might still approach unity. We therefore suggest that, in an extreme case, the natural exchange of chemical toolkits between just two young terrestrial-type planets, could have an enormous influence on the overall likelihood of abiogenesis in a planetary system. It could in fact represent the difference between life arising or not.
The life that we know of on Earth is united by a common biochemical alphabet. In the above discussion, the atoms or molecules referred to as building blocks are expected to become functional members of an 'assembly' event. This is implicit, for example, in the way that ! is used. However, we cannot yet rule out the possibility of alternate, or 'shadow' life operating with a different alphabet (e.g. an inorganic one). We also cannot not rule out the possibility that abiogenesis occurred on Earth because of interactions between mutually exclusive building blocks that together acted to dynamically increase the evolvable information content of the prebiosphere. In other words, it is possible that the building blocks of life today are the product of a combination of actions of earlier sets of building blocks that could not 'cross-assemble' but that could, together, generate the necessary complexity and selection for organic abiogenesis. Equation 1 makes no assumptions about ! , it is simply the probability of assembly per unit time when all other necessary conditions are met, but a further exploration of the potential influence of mutually exclusive building blocks could prove instructive.
In summary we have sketched out a macro-scale, or top-down, perspective on OoL questions through the formulation of a simple, but instructive equation for the frequency of abiogenesis in a planetary environment. Given the current explosive progress in the discovery and characterization of exo-planets, the factors that we suggest play a role in OoL likelihoods could motivate specific observational data (e.g. the configuration and material exchange fluxes of planets per system, and their chemical composition / heterogeneity). We propose that this approach may be useful for stimulating future discussions, but should also have a genuinely quantitative role in studying the origins of life.
